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Introduction
Biodiversity refers to variation in the organic world. Such variation may be expressed in many ways, such as phylogenetic, molecular, or phenotypic variation. For example, recent investigations of phylogenetic variation have led to the development of algorithms that rank taxa according to degrees of "phylogenetic distinctiveness." In essence, the relative distinctiveness of a taxon is inversely proportional to the relative number and closeness of its phylogenetic relatives (for a range of approaches, see May 1990 May , 1994 VaneWright et al. 1991; Williams et al. 1991 Crozier 1992; Faith 1992 Faith a , 1992 Faith b , 1993 Faith , 1994 Faith a , 1994 Faith b , 1994 , 1996 Walker & Faith 1995) .
Our primary aim was to develop a method that can be used to explore the evolutionary history of phenotypic variation. We did this by measuring phenotypic diversification relative to patterns of phylogenetic branching. Previous methods implicitly assume that all phylogenetic divergences are equal. Of course, different divergences are known to be associated with very different amounts of phenotypic change: the amount of phenotypic diversification between two sister lineages may vary anywhere between huge and minimal. We sought to rank lineages on the basis of how much phenotypic diversification they represent because we are interested in the events that lead to current phenotypic variation as well as the process of phylogenetic branching itself (for discussion of the role of phenotypic diversity in contributing to overall biodiversity, see Williams & Humphries 1996) . The method we introduce abandons the assumption that all phylogenetic divergences produce equal amounts of phenotypic change.
We applied our method to data on clutch size variation in birds to illustrate its potential value to conservation biology. We stress throughout that (1) our analyses of clutch size variation is presented largely for illustrative purposes, and we do not propose that conservation effort should be focused solely on the maintenance of any single trait; and (2) the method is not designed to measure evolutionary distinctiveness. With respect to this second point, we agree with Faith (1992 Faith ( a , 1992 Faith ( b , 1993 Faith ( , 1994 Faith ( a , 1994 Faith ( b , 1994 , Harvey (1994 Harvey ( , 1995 , and May (1994) that the best way to measure true phylogenetic distinctiveness is to calculate maximum phylogenetic path length and discount for shared paths. Here we are not attempting to measure phylogenetic distinctiveness, however, but rather we are looking for a way to explore the processes that lead to phenotypic diversity.
Methods

Quantifying Phenotypic Diversification
Phenotypic diversity is created by differences between taxa in their phenotype. We assumed that such differences arose from phenotypic diversification between lineages during the evolutionary past. To quantify this diversification process, we adopted a phylogenetic perspective based on Felsenstein's (1985) idea of evolutionarily independent comparisons. Differences between taxa in their phenotype were quantified by identifying and measuring evolutionarily independent comparisons between lineages. For example, we considered four taxa (T1, T2, T3, and T4) that varied with respect to their value of a phenotypic trait (X1, X2, X3, and X4, respectively) and that were related to each other (relationship depicted in Fig. 1 ). The variation among these four taxa with respect to the phenotypic trait was encapsulated by three evolutionarily independent comparisons A, B, and C. The value of each of these comparisons was the difference between the phenotypic trait values of the two daughter lineages, equivalent to unstandardized contrasts in the comparative analysis by independent contrasts method of Harvey and Pagel (1991) , Pagel (1992) , and Purvis and Rambaut (1995) (Owens & Bennett 1995) .
The recognition of evolutionarily independent contrasts allowed us to quantify the relative contribution of each taxon to representing the phenotypic diversification that occurred at a particular phylogenetic divergence. For the phenotypic diversification at a comparison to be represented, a taxon must be present from each of the daughter lineages. If there is only one taxon in one of these lineages, then this taxon must be present for the comparison to exist and this taxon is crucial for the representation of that phenotypic diversification. If there are several taxa present in one of the daughter lineages, then the presence of any one of these taxa is sufficient for the comparison to exist and the importance of each taxon in representing this phenotypic diversification is devalued by a proportion relative to the number of other taxa present in the daughter lineage. In the case illustrated in Fig. 1 , for instance, for the phenotypic diversification at comparison C to exist, both taxon T3 and taxon T4 must be present. Thus, both of these taxa are equally important for the representation of the phenotypic diversification at comparison C, and both of them are crucial. For the representation of the phenotypic diversification at comparison B, taxon T2 must be present and so must either taxon T3 or taxon T4. Thus, with respect to representing the phenotypic diversification at comparison B, taxon T2 is crucial and is twice as important as T3 and T4. Finally, for the representation of the phenotypic diversification at comparison A to exist, taxon T1 must be present and so must either taxon T2, T3, or T4. So, with respect to representing the phenotypic diversification at comparison A, taxon T1 is crucial and is three times as important as taxa T2, T3, and T4.
To obtain an overall index of the contribution of each taxon toward the representation of overall phenotypic diversification, we added together the separate measures of the relative contribution of the taxon in representing phenotypic diversification at each independent comparison. We referred to this overall index as the diversification score of the taxon ( D i , where i is the i th taxon). The magnitude of a taxon's diversification score was determined by the number of comparisons to which it contributed, the amount of phylogenetic diversification at each of these comparisons, and the relative contribution of the taxon in representing the diversification at each comparison. In Fig. 1 , for example, taxon T1 was crucial for representing the phenotypic diversification at comparison A but was irrelevant to comparisons B and C. The diversification score of taxon T1 ( D 1 ) was therefore equal to the size of comparison A. Taxon T2, on the other hand, contributed the same amount as two other taxa in representing the phenotypic diversification at comparison A, crucial in representing the phenotypic diversification at comparison B and irrelevant at comparison C. The diversification score of taxon T2 ( D 2 ) was therefore equal to one-third the size of comparison A plus the size of comparison B. Finally, taxon T3 (and taxon T4) contributed the same amount as two other taxa in representing the phenotypic diversification at comparison A, contributed the same amount as one other taxon at comparison B, and was crucial at comparison C. Thus, the diversification score of taxon T3 ( D 3 and of taxon T4 ( D 4 ) was equal to one-third of the size of comparison A plus half the size of comparison B plus the size of comparison C (Table 1) .
Phenotypic Diversification under Threat
We also used the diversification scores (1) to measure the extent to which each taxon's representation of phenotypic diversification is due to the presence of species that are currently classified as being threatened by extinction and (2) to examine the proportion of overall phenotypic diversification that is due to the presence of threatened species.
The diversification score of each taxon ( D i ) was multiplied by the proportion of species within the taxon that were classified as being threatened by extinction ( P i ) to give an index of the extent to which the taxon's representation of phenotypic diversification was jeopardized by current extinction risk. This index was called the diversification-under-threat score ( E i ; Table 1 ; Fig. 1 ). Table 1 and text). Table 1 . Method for calculating the diversification score and diversification-under-threat score.
Figure 1. Branching pattern illustrates the method for calculating the diversification score and diversification-under-threat score ( for full details see
Proportion of species in family threatened by extinction
* A, B, and C refer to the nodes illustrated in Fig. 1 .
The proportion of overall phenotypic diversification represented by threatened taxa was calculated by dividing the sum of the taxon-specific diversification under threat scores by the sum of the taxon-specific diversification scores (
Clutch Size Diversification among Birds
To illustrate our method for quantifying the representation of phenotypic diversification, we used the example of clutch size variation among extant species of bird. Data on the mean clutch size for a species of bird from each of 133 avian families were obtained from Bennett (1986) . Where there were data for more than one species within a family in Bennett (1986) , a species was selected at random. Among birds, variation within families accounts for Ͻ 5% of overall variation in life-history traits (Bennett 1986; Owens & Bennett 1995) , so a randomly chosen species will, on average, be representative of other species in the same family. Clutch size was used because (1) data were available for a large number and variety of species, (2) it varies by 18-fold among extant birds, and (3) variation in clutch size is correlated with variation in other life-history traits (Bennett 1986 ). We used families rather than species as the taxonomic level for analysis because we had already shown elsewhere that over 95% of overall variation in avian life histories is due to comparisons between ancient avian lineages corresponding to differences between families and differences between orders (Bennett 1986; Owens & Bennett 1995) . Thus, differences in clutch size within families are largely irrelevant to overall avian life-history diversity. Data on which species are threatened by extinction were taken from Collar et al. (1994) , who use Mace and Stuart's (1994) criteria for quantifying extinction risk. To describe the phylogenetic relationship between families, we used Sibley and Ahlquist's (1990) tapestry phylogeny, and we followed Sibley and Monroe (1990) for the number of species in each family and the phylogenetic position of families not included in the tapestry phylogeny. We assumed that all branch lengths are equal. Where Collar et al.'s (1994) taxonomy differed from Sibley and Monroe's (1990), we followed the latter. We classified species as either threatened (categories of vulnerable, endangered, and critical according to Collar et al. 1994) or not threatened by extinction (Bennett & Owens 1997) .
Using these data, we calculated a diversification score for each of 133 avian families and ranked them according to this index (example in Table 2 ; Fig. 2 ). We then calculated the diversification-under-threat score for each family and used these figures to estimate the proportion of overall clutch size diversification that is due to taxa currently being classified as threatened by extinction.
Results
All results refer to our analyses of clutch size variation among birds. The sum of the diversification scores across all 133 families was 346. The 20 highest ranking families represented significantly more phenotypic diversification than would be expected if they had been selected at random. For example, the top 10 families (7.5%) encompassed 19.3% of the sum of the diversification scores ( 2 ϭ 33.8, df ϭ 1, p Ͻ 0.0001), and the top 20 ranking families (15%) encompassed 33.2% of the sum of the diversification scores ( 2 ϭ 15.7, df ϭ 1, p Ͻ 0.001). In terms of spe- cies, the 217 species (2.3%) in the top 10 families encompassed 19.3% of the sum of the diversification scores ( 2 ϭ 36.0, df ϭ 1, p Ͻ 0.0001), and the 1701 species (17.4%) in the top 20 families encompassed 33.2% of the sum of the diversification scores ( 2 ϭ 11.5, df ϭ1, p Ͻ 0.001). The sum of the diversification-under-threat scores was 58.6. Thus, 17% of the sum of the diversification scores across all families is due to species being classified as being threatened by extinction. The 20 highest ranking avian families encompassed significantly more of the clutch size diversification under threat than would be expected if they had been selected at random (Table 3 ; Fig. 3 ). For example, the top 10 families (11.6% of families that contain at least one threatened species) encompassed 53.1% of the sum of the diversification-under-threat scores ( 2 ϭ 11.2, df ϭ1, p Ͻ 0.001, respectively), and the top 21 ranking families (23.3% of families that contain at least one threatened species) encompassed 70.8% ( 2 ϭ 12.4, df ϭ1, p Ͻ 0.001, respectively). Or, in terms of species, the 42 threatened species (3.8%) in the top 10 families encompassed 53.1% of the sum of the diversification-under-threat scores ( 2 ϭ 17.7, df ϭ1, p Ͻ 0.001, respectively), and the 190 threatened species (17%) in the top 21 families encompass 70.8% ( 2 ϭ 16.5, df ϭ1, p Ͻ 0.001).
Discussion Phenotypic Diversification
All taxa are not equal with respect to representing the evolutionary processes that lead to current phenotypic biodiversity. Our method is based on the observation that all phylogenetic divergences have not led to similar amounts of phenotypic change. In the extreme case, certain phylogenetic divergences can be viewed as major transitions in evolution (Maynard Smith & Szathamáry 1995) , whereas other divergences represent the formation of a phenotypically homogeneous taxon swarm. Our method represents an attempt to quantify this view. Our analyses of clutch size variation among birds confirm that it is possible to quantify differences among taxa in their relative representation of phenotypic diversification with respect to a specified phenotypic trait. For example, the 217 species (2.3% of all species) in the top 10 families (7.5% of all families) encompass over 33% of the total diversification in clutch size (Table 3) .
This degree of heterogeneity in the representation of evolutionary phenotypic diversification is exciting because it stresses the extraordinarily different evolutionary histories of different avian lineages. It is also worrying because, as Tables 2 and 3 suggest, a lot of evolutionary phenotypic diversification is currently represented by only small families, many of which are disproportionately threatened by extinction (Bennett & Owens 1997; Owens et al. 1999) . The next phase of this work is to repeat these analyses for a number of phenotypic traits to test whether certain families are unusually good representatives of other forms of phenotypic diversification.
Our method differs from previous approaches (e.g., May 1990 May , 1994 Crozier 1992; Faith 1993) because we have explicitly attempted to account for differences in the amount of phenotypic change occurring at each branching point in the phylogeny. Previous approaches concentrated exclusively on branch lengths per se as criteria for evaluating the distinctiveness of taxa, but they have assumed that the amount of change in a trait at each branching point is equal. Although using branch lengths to calculate maximum phylogenetic path length is, we believe, the best way to measure "phylogenetic distinctiveness," it does not take into account the different amounts of evolutionary change that took place at different points of cladogenesis. Conserving phylogenetic distinctiveness may not, therefore, conserve the processes that have led to phenotypic diversity.
But do these alternative methods actually result in dif- Table 2 .
ferent conclusions about species conservation priorities? We examined this question by using estimates of branch lengths (⌬T 50 H from Sibley & Ahlquist 1990) for the families listed in Table 2 . We multiplied these branch lengths by the proportion of species in each family threatened with extinction (P i ) to obtain another index of evolutionary distinctiveness under threat. We then compared this value with the diversification-under-threat score (E i ) estimated by the methods we describe in this paper. There was a strong correlation between these two scores (r ϭ 0.94, p Ͻ 0.0001, n ϭ 14). Thus, both methods yield similar rankings for the relative importance of particular families in representing evolutionary distinctiveness. This result is not surprising because we used a trait-clutch size-that we know varies more among ancient than recent lineages (Owens & Bennett 1995; Owens et al. 1999) . We are currently investigating whether these methods yield different results when phenotypic traits are used that vary more among recent than ancient lineages.
Implications for Conservation Biology
Although large numbers of species are threatened by extinction, the resources available for their conservation are severely limited. Hence, if conservation effort is to be expended on species-based approaches, it is necessary to decide which species should be the focus of conservation effort (Atkinson 1989; . The first question is whether some species are more valuable than others, and there are two sides to this debate (May 1990) . One side states that all species should be valued equally because each one is, by definition, an independent evolutionary product. The other side states that certain species are more valuable than others because, evolutionarily speaking, some species are more unusual than others. In recent years this second point of view has led to the development of a series of algorithms that can be used to rank taxa with respect to phylogenetic differentiation: higher ranks are given to species that are the only extant representative of an ancient phylogenetic lineage than to species that are representatives of recently diverged and speciose lineages (Atkinson 1989; . Our method could also be used to prioritize conservation effort. For example, Fig. 3 illustrates how families vary both in their representation of phenotypic diversification and in their vulnerability to extinction. Families in quadrant I are more vulnerable to extinction than av- erage and represent more phenotypic diversification than average. Families in quadrant II are also more vulnerable to extinction than average but represent less phenotypic diversification than average. Families in quadrant III are less vulnerable to extinction than average but represent more phenotypic diversification than average, and families in quadrant IV are less vulnerable to extinction than average and represent less phenotypic diversification than average. Given this variation and assuming for illustrative purposes that the representation of avian clutch size diversification is an aim of conservation, it seems logical to give highest priority to species in families in quadrant I. Our analyses of clutch size variation among birds also supports this view: despite the fact that the top 20 families in quadrant I contain only 42 threatened species (only 0.5% of all species, or 3.8% of threatened species), these 20 families represent 53% of the overall diversification in clutch size that is currently threatened by extinction. Thus, by targeting unusual families it would be possible to secure the representation of significantly more clutch size diversification than would be expected by chance. Preliminary analyses suggest that the same is true for other phenotypic traits and that, for life-history traits at least, the ranking order of families is highly repeatable. This approach can also be integrated with regional analyses to reveal nonintuitive differences between areas in the distribution of unusual families. In the case of clutch size variation, for example, more of the "high priority" families in quadrant 1 are concentrated in Australasia than any other continent (Australasia, 12 families; Asia, 11; Africa, 8; South America, 4; North America, 4; Europe, 3; Antarctica, 1). This highlights the disproportionately large number of small and distinctive endemic lineages in that region which are now threatened by extinction. But what of the other side of the debate, the one that states that all species are equal? What would happen if conservation priorities were assigned randomly among equally endangered taxa? Stating that all taxa are equally important in terms of representing biological diversity implicitly assumes that all taxa have an equal number of close phylogenetic relatives and that all phylogenetic divergences led to similar amounts of phenotypic diversification. We suggest that both these assumptions are invalid. If it is assumed that all threatened taxa are equally important, there is a risk that conservation effort will be directed toward rare but mundane forms that are not novel. This danger is characterized by the plight of many oceanic island-dwelling taxa, which are often the targets for conservation effort because they are disproportionately threatened (Diamond 1984 (Diamond , 1989a (Diamond , 1989b Pimm et al. 1995) . In phenotypic terms, unfortunately, oceanic islands dwellers are often little more than recently derived forms of an otherwise common mainland lineage. They may, for example, have a slightly differently colored head, but they are basically the same creature as on the mainland. Thus, assigning high conservation priority to an island form that simply has a different head color from its mainland sister species is implicitly the same as deciding that diversification in head color is the key element of biological diversity that must be conserved. Such a decision would be hard to defend on biological grounds because it is the equivalent to sacrificing the diversification that occurred over several tens or hundreds of millions of years in favor of preserving the change that occurred in the last few thousand years. The endemic creatures of the "great islands" such as New Zealand and Madagascar are exceptions to this rule because they usually represent ancient lineages that split away from their mainland counterparts many tens of millions of years ago (see the high proportion of such lineages in Table 3 ).
Of course, the biggest problem in assigning conservation priorities is not in developing new algorithms but in deciding what exactly should be the target of conservation; when people say that they wish to conserve biodiversity what exactly do they mean? This is the subject of ongoing debate. The approach that we propose is based on the assumption that unusual forms should be conserved because unusual things contribute more toward diversity than do usual things. But this is only one school of thought. Another contends that the more speciose forms should be given priority because these currently successful forms will act as species dynamos for the production of future forms (e.g., Erwin 1991; Brooks et al. 1992) , whereas more ancient and unusual forms represent evolutionary dead ends ). Thus, the major limitation to using methods such as the one we outline is that conservationists do not know which traits to put into the algorithms.
